INTRODUCTION {#S1}
============

Bile acids (BAs) are natural detergents involved in cholesterol homeostasis ([@R1]). These acids are formed from cholesterol in the liver and their synthesis represents an important pathway for cholesterol elimination from the body ([@R1]). In humans, the bile acid pool is mainly composed by the primary cholic (CA) and chenodeoxycholic acids (CDCA), the secondary lithocholic (LCA) and deoxycholic (DCA) acids, and the 6α-hydroxylated hyocholic (HCA) and hyodeoxycholic acids (HDCA) ([@R1], [@R2]). BAs sustain a strong enterohepatic recirculation, through which they are excreted from the liver into the bile, stored in gallbladder and secreted in the intestine where they serve as natural detergents for dietary lipids absorption ([@R1]). Approximately 95% of bile acids are absorbed in the intestine and return to the liver through the portal vein. BAs are cytotoxic at high concentrations ([@R3]), and their accumulation in liver cells leads to oxidative stress, apoptosis and subsequent damage to the liver parenchyma ([@R1]). Such features are characteristic of cholestatic phenomena, where a reduction of the bile flow limits BA elimination from hepatocytes ([@R4]). A reduction of BA hepatic levels is therefore an important goal for anti-cholestatic strategies ([@R5]), particularly for the treatment of chronic situations such as primary biliary cirrhosis (PBC) or primary sclerosing cholangitis (PSC), two autoimmune hepatobiliary diseases ([@R1]).

Glucuronidation, catalyzed by UDP-glucuronosyltransferase (UGT) enzymes, is a major detoxification pathway for numerous endo- and xenobiotics. This conjugation reaction transfers a highly hydrophilic glucuronide group to hydrophobic molecules. The resulting glucuronide products are therefore more easily excreted and consequently less toxic than the substrate molecules (reviewed in ([@R6])). Glucuronidation allows the carrying of BAs into the blood by conjugate transporters at the basolateral membrane of hepatocytes for subsequent elimination into the urine ([@R6]). Based on this re-routing, BA-conjugating enzymes have been proposed as novel targets for future anti-cholestatic drugs ([@R6], [@R7]). Amongst the 19 human functional UGTs, UGT1A3, UGT2B4 and UGT2B7 have a remarkable capacity to convert BAs into BA-glucuronides (BA-G) *in vitro* (reviewed in ([@R6])); however, our understanding of their contribution to BA detoxification in clinics is currently limited. Indeed, BA-Gs are rarely investigated in humans, and very little is known about the circulating BA-G pool composition.

Amongst the newly identified therapeutic approaches for chronic cholestasis, the cholesterol-lowering fibrates (fenofibrate, bezafibrate and clofibrate) improve liver biochemistries in PBC and PSC patients ([@R8]--[@R13]). These beneficial effects were associated to classical fibrate actions on lipoprotein metabolism and anti-inflammatory processes (reviewed in ([@R14])). However, as pharmacological activators for the peroxisome proliferator--activated receptor-α (PPARα), these drugs also control BA metabolism (reviewed in ([@R15])). PPARα is a ligand-activated transcription factor controlling the expression of target genes through binding to their regulatory regions as a heterodimer with the Retinoid X-receptor (RXR) ([@R15]). For example, upon fibrate activation, PPARα binds to and stimulates expression of the genes encoding the 2 BA-conjugating UGT1A3 and UGT2B4 enzymes in human liver cells and animal models ([@R16]--[@R18]). On the other hand, we recently observed that fenofibrate reduces circulating BA concentrations in non--cholestatic volunteers ([@R2]). The present study aimed at investigating the possibility that such a reduction actually reflects an increased BA glucuronidation. For this purpose, the profile of circulating BA-G was established and compared in pre- and post-fenofibrate sera from 150 men and 150 women volunteers. Similar analyses were also conducted in a pilot study comprising 5 fenofibrate-treated PBC patients. How the non-cholestatic BA-G profile and it response to fenofibrate is affected by the gender or non-synonymous mutations BA-conjugating UGT genes was also examined. These analyses evidenced the need for additional *in vitro* and *ex vivo* experiments aimed at establishing the relative contribution of human UGTs for the hepatic formation of abundant BA-G species, and at measuring the reactivity of their functional variants. Finally, whether PPARα also controls the expression of these newly identified BA-conjugating UGTs has been investigated in hepatic cells.

RESULTS {#S2}
=======

Serum profile of bile acid glucuronides, gender-related differences and association with common UGT2B4, UGT2B7 and UGT1A3 gene polymorphisms in non-cholestatic volunteers {#S3}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Composition of the serum bile acid glucuronide pool is illustrated in [Table 1](#T1){ref-type="table"}. The species distribution was: HCA-6G≥CDCA-3G\>HDCA-6G\>DCA-3G≫CA-24G=LCA-3G\>LCA-24G≥HCA-24G≥DCA-24G=CDCA-24G=HDCA-24G. The hydroxyl-linked glucuronidated acids (i.e. -3G and -6G) represented 96.5% of the circulating BA-G pool; and the 4 most abundant conjugates (HCA-6G, CDCA-3G, HDCA-6G and DCA-3G) represented more than 95% of the BA-G detected in the human serum.

A comparison of the baseline BA-G profiles in men and women revealed that female sera contained a significantly lower amount of CDCA-3G (*p*\<*0.001*), LCA-3G (*p\<0.05*), HDCA-6G (*p\<0.05*) and HCA-6G (*p\<0.001*). As a consequence, the total BA-G (*p\<0.001*) was also significantly lower in women sera ([Table 1](#T1){ref-type="table"}).

Genotyping for previously identified non-synonymous mutations within the BA-conjugating UGTs ([@R19]--[@R24]) ([SI5](#SD5){ref-type="supplementary-material"}--[7](#SD7){ref-type="supplementary-material"}) revealed that the UGT1A3 31T\>C genotype significantly influences LCA-24G ([Fig. 1A](#F1){ref-type="fig"}, T/T being different from T/C and C/C values, *p\<0.005*), as well as the level of carboxyl-linked glucuronidated acids (i.e. -24G) ([Fig. 1B](#F1){ref-type="fig"}, T/T different from T/C values, *p\<0.05*). The UGT2B7 802C\>T genotype associates with significant differences changes in CDCA-3G concentration ([Fig. 1C](#F1){ref-type="fig"}, C/C lower than CT values, *p\<0.05*), while HDCA-24G levels were significantly reduced in UGT2B4 1374T/T carriers ([Fig. 1D](#F1){ref-type="fig"}, T/T lower than A/T and T/T values, *p\<0.05*). To ensure that changes in BA-G serum levels reflected variations in glucuronide formation, we calculated the relative abundance (percentage of BAG/BA+BA-G) of glucuronide conjugates and the metabolic ratio (ratio glucuronide *versus* its unconjugated precursor) for each species. While MRs varied from 0.01 (DCA-24G/DCA) to 8.9 (HCA-6G/HCA) ([Table 1](#T1){ref-type="table"}), the sum of BA-G species account for 8.5% of the total bile acid pool in human serum ([Fig. 3E](#F3){ref-type="fig"}). Only the ratio HDCA-6G/HDCA was found significantly higher (*p\<0.05*) in men than in women ([Table 1](#T1){ref-type="table"}), and the unique significant gene association concerned the UGT2B7 Y^268^H variant: carriers of the 802 C/T genotype presented a significantly higher HCA-6G/HCA ratio (12.12) than those with the C/C (9.76) (*p\<0.05*) ([SI5](#SD5){ref-type="supplementary-material"}).

These observations indicate that *i)* glucuronide conjugates represent almost 10% of the circulating BA pool in humans; *ii)* HCA-6G, CDCA-3G, HDCA-6G and DCA-3G are the most abundant species; and *iii)* serum levels of selected BA-G species are significantly linked to non-synonymous mutations in genes encoding BA-conjugating UGTs.

UGT1A4 and UGT2B7 catalyze hepatic formation of CDCA-3G {#S4}
-------------------------------------------------------

Until now, CDCA-3G was considered a minor CDCA metabolite, due to its limited production observed *in vitro* with human liver extracts. Consequently, the mechanisms governing its formation received only little attention ([@R17]). In this context, an *in vitro* screening was performed with human liver microsomes and recombinant UGTs ([Fig. 2](#F2){ref-type="fig"}). As previously reported ([@R17]), the formation of CDCA-3G was detected in the presence of liver microsomes, but at a 8.3-fold lower level than the production of CDCA-24G in the same assay ([Fig. 2A](#F2){ref-type="fig"}). Assays with UGT-bacculosomes revealed the predominant contribution of the UGT1A4 and UGT2B7 isoforms in producing CDCA-3G ([Fig. 2B](#F2){ref-type="fig"}). To determine whether frequent (≥1%) non-synonymous mutations in the coding region of these enzymes affect their ability to convert CDCA into CDCA-3G ([@R25], [@R26]), additional assays were performed with microsomes from HK293 cells stably expressing the WT (R^11^P^24^L^48^) or variant UGT1A4 T^24^, V^48^ and W^11^ proteins, as well as the WT H^268^ or Y^268^ UGT2B7 enzymes ([Fig. 2C--F](#F2){ref-type="fig"}) ([@R25], [@R26]). Activity values were adjusted for UGT1A4 or UGT2B7 protein content as determined by western-blot ([Fig. 2C&D](#F2){ref-type="fig"}) ([@R26]). All UGT1A4 variants exhibited a similar CDCA-3G formation ([Fig. 2E](#F2){ref-type="fig"}), while the UGT2B7 Y^268^ protein was 1.3-fold more active than the H^268^ allozyme (*p\<0.05*) ([Fig. 2F](#F2){ref-type="fig"}).

These *in vitro* analyses identify UGT1A4 and UGT2B7 as major enzymes for hepatic CDCA-3G formation.

Fenofibrate causes an accumulation of selected bile acid-glucuronide species in sera from non cholestatic and PBC donors {#S5}
------------------------------------------------------------------------------------------------------------------------

Treatment with fenofibrate resulted in a significant increase (*p\<0.001*) of the total glucuronide concentration in GOLDN donors ([Fig. 3A](#F3){ref-type="fig"}). Such induction reflected the 88% increase in HDCA-6G levels (*p\<0.001*), but also the accumulation of HDCA-24G (*p\<0.001*), HCA-6G (*p\<0.001*), HCA-24G (*p\<0.001*) and CA-24G (*p\<0.001*) ([Fig. 3B--D](#F3){ref-type="fig"}). LCA-3G (−10%) was the unique species negatively affected by fenofibrate ([Fig. 3D](#F3){ref-type="fig"}, *p\<0.01*). Other species (i.e CDCA-3 and 24G, DCA-3 and 24G, and LCA-24G) were not significantly altered, even if CDCA-3G tended to increase (+13%, *p=0.07*, [Fig. 3B](#F3){ref-type="fig"}). The unique difference in the response to fenofibrate between men and women corresponded to the LCA-3G reduction which reached statistical significance only in men ([SI8](#SD8){ref-type="supplementary-material"}). Significant interactions were observed for the UGT2B7H^268^Y genotype: CDCA-3G and CA-24G levels were significantly increased by fenofibrate in samples from C/C donors, while carriers of the C/T genotype remained not responsive ([SI8](#SD8){ref-type="supplementary-material"}).

In these donors, fenofibrate also significantly increased the relative abundance of BA-G within the serum BA pool ([Fig. 3E](#F3){ref-type="fig"}, *p\<0.001*), as well as the metabolic ratios for CDCA-3G (*p\<0.001*), DCA-3G (*p\<0.001*) and -24G (*p\<0.05*), LCA-24G (*p\<0.05*), HDCA-6G (*p\<0.001*) and -24G (*p\<0.001*), HCA-6G (*p\<0.01*) ([Fig. 3F--I](#F3){ref-type="fig"}). The most impressive changes were observed for HDCA-6G and -24G ([Fig. 3F&I](#F3){ref-type="fig"}). Interestingly, the fenofibrate-dependent changes in LCA-3G and HCA-24G species ([Fig. 3C&D](#F3){ref-type="fig"}) did not result in significant modulation of their MRs ([Fig. 3H](#F3){ref-type="fig"}). In the same vein, not only did the increased concentration of circulating CA-24G not lead to an increase in its MR, but this ratio was even significantly reduced ([Fig. 3H](#F3){ref-type="fig"}, *p\<0.01*). Finally, metabolic ratios for DCA-24G and HCA-6G were differentially affected in men and women ([SI8](#SD8){ref-type="supplementary-material"}).

To investigate whether fenofibrate also affects the circulating BA-G profile in cholestatic patients, a pilot study was performed with samples from 5 fenofibrate-supplemented PBC patients ([SI9](#SD9){ref-type="supplementary-material"}&[Fig. 4](#F4){ref-type="fig"}). The great inter-individual variability and the small population size drastically reduced the statistical significance of the following observations. Nevertheless, it is remarkable that fenofibrate exerted similar effects as in non cholestatic donors, since 4 out of 5 donors presented increase in the total BA-G concentration ([Fig. 4A](#F4){ref-type="fig"}). Circulating CDCA-3G ([Fig. 4B](#F4){ref-type="fig"}), HDCA-6G ([Fig. 4C](#F4){ref-type="fig"}) and HCA-6G ([Fig. 4D](#F4){ref-type="fig"}) levels were increased after fenofibrate exposure but only in 3, 3 and 2 donors, respectively.

These results demonstrate that fenofibrate increases serum BA-G in healthy donors and PBC patients.

PPARα activation up-regulates UGT1A4, but not UGT2B7, expression in human hepatic cells {#S6}
---------------------------------------------------------------------------------------

We next investigated whether hepatic expression of known (UGT2B4, UGT2B7 and UGT1A3) or newly identified (UGT1A4) BA-conjugating enzymes were affected by the PPARα agonist, fenofibrate and Wy14,643 ([Fig. 5](#F5){ref-type="fig"}). According to previous reports ([@R16], [@R17]), both activators up-regulated UGT1A3 and UGT2B4 mRNA expression in human hepatocytes and hepatoma HepG2 cells ([Fig. 5A--C](#F5){ref-type="fig"}). Interestingly, the 2 CDCA-3G-forming enzymes were differentially affected: UGT1A4 was induced in fenofibrate- and Wy14,643-treated hepatocytes, while UGT2B7 mRNA levels remained unaffected ([Fig. 5A&B](#F5){ref-type="fig"}). The dose- and time-dependent, as well the transcriptional and direct nature of the Wy14,643-dependent UGT1A4 activation was confirmed in dose response ([Fig. 5C](#F5){ref-type="fig"}), time course experiments ([Fig. 5D](#F5){ref-type="fig"}) and by the concomitant use of inhibitors for gene transcription (actinomycin D) or mRNA traduction (cycloheximide) ([Fig. 5E](#F5){ref-type="fig"}). Accordingly to previous reports ([@R17], [@R27]), glucuronidation assays performed with human hepatocytes exposed or not to Wy14,643 (75μM) resulted in a 2-fold increased CDCA-24G production ([Fig. 5F](#F5){ref-type="fig"}). A similar increase was observed with CDCA-3G formation, however the glucuronide production of control and treated cells were below the limit of quantification of the LC-MS/MS method, which is also in accordance with previous studies reporting the predominant conversion of CDCA into its acyl glucuronide conjugates in human liver cells ([@R17], [@R27]).

These observations demonstrate that PPARα activators stimulate the expression of 3 out of the 4 human BA-glucuronidating enzymes.

Bile acid glucuronides are less cytotoxic than their unconjugated precursors in HepG2 cells {#S7}
-------------------------------------------------------------------------------------------

Since some glucuronides, such as LCA-3G, can exert toxic and/or cholestatic effects ([@R28]), we next investigated whether the abundant CDCA-3G and the potentially toxic LCA-3G affect hepatoma HepG2 cells viability([Fig. 5G&H](#F5){ref-type="fig"}). When compared to their unconjugated precursors used at the same dose (100μM), LCA-3G and CDCA-3G failed to cause any alteration of cell viability in MTS reduction assays ([Fig. 5G](#F5){ref-type="fig"}). When living cells were discriminated by FACS, the 2 glucuronides also revealed less cytotoxicity than their precursors ([Fig. 5H](#F5){ref-type="fig"}).

DISCUSSION {#S8}
==========

The present study provides the first comprehensive analysis of the bile acid-glucuronide profile in human sera, and its response to fenofibrate.

Together 4 species, HCA-6G, HDCA-6G, CDCA-3G and DCA-3G represent 95 and 89% of all the BA-G pool in normal and PBC sera, respectively. HDCA-6G and HCA-6G are efficiently formed by the human liver ([@R15], [@R29]), and these species were expected to be abundant in human serum. By contrast, CDCA-3G and DCA-3G are minimally produced *in vitro* ([@R15], [@R17], [@R30]). Actually, the major products in glucuronidation assays correspond to CDCA-24G and DCA-24G ([@R15], [@R17], [@R30]), 2 C~24~ acyl-glucuronides detected at very low serum concentrations in the present study. Such a paradoxical situation was foretold by A. Hofmann ([@R31]), who proposed that the C~24~ carboxyl group of bile acid molecules is preferentially used for glycine or taurine conjugation *in vivo,* thus precluding its use for glucuronidation ([@R17], [@R29], [@R31]). It is, however, also possible that the C~24~ BA-G formed in the human liver cannot be efficiently detected in the blood due to an extensive degradation. Actually, acyl glucuronide conjugates are instable at physiological pH and their abundance is usually underestimated ([@R32]--[@R34]). Accordingly, we previously observed that incubation of C~24~ BA-G in neutral to basic solutions for 2H results in a strong reduction of the glucuronide concentrations ([@R30]). Whether acyl-BA-Gs are underestimated due to degradation or if their low levels reflect a reduced formation still remains to be clarified.

Women display lower CDCA-3G, HDCA-6G and HCA-6G levels than men, and consequently exhibit a reduced total BA-G concentration. This observation is consistent with the previous report that bile acid species, such as CDCA and HCA, are more abundant in men than in women ([@R2]). Thus, the higher CDCA-3G and HCA-6G concentrations may only reflect an improved availability of these acids for glucuronidation in the male liver. By contrast, HDCA concentrations were previously found identical in male and female sera from the GOLDN study ([@R2]), suggesting that conversion of HDCA into this glucuronide derivative is favored in men. Accordingly, the MRs for CDCA-3G and HCA-6G were not influenced by the gender, while men also exhibited a higher HDCA-6G/HDCA ratio than women. Actually, gender-related differences in glucuronidation rates have been often reported and appear dependent on gender-specific growth and sex hormones secretions ([@R35]).

The UGT1A3 31T\>C polymorphism influences baseline carboxyl-linked BA-G levels, thus confirming *in vivo* the previous *in vitro* characterization of UGT1A3 as a specialized enzyme for acyl glucuronidation of BAs ([@R17], [@R29], [@R36]--[@R38]). More surprising was the significant association between the UGT2B4 1374T\>A polymorphism and HDCA-24G concentration. Indeed, this enzyme is by far more efficient in converting HDCA into HDCA-6G than into HDCA-24G ([@R15], [@R23], [@R37], [@R39], [@R40]). Interestingly, HDCA-6 and -24G levels sustain a similar accumulation in donors carrying the A1374 allele, but only the HDCA-24G variation reaches the statistical significance. It is therefore likely that the functional impact of the resulting UGT2B4 D^458^E amino acid change reaches statistical significance only for low efficiency catalytic reactions. On the other hand, CDCA-3G levels were significantly associated to the UGT2B7 802C\>T polymorphism, which suggested an important role for this enzyme in converting CDCA into CDCA-3G. This was further confirmed through the *in vitro* screening experiments. Indeed, among the recombinant UGTs tested, only UGT2B7 and UGT1A4 were efficient in producing CDCA-3G. Actually, our data support complementary roles for these 2 isoforms: UGT2B7 being predominant for baseline CDCA-3G levels, while UGT1A4 may be responsible for its increased production upon fenofibrate exposure. Indeed, *in vitro* assays confirmed the functional impact of the UGT2B7 802C\>T mutation on CDCA-3G formation, where none of the common UGT1A4 variants tested exhibited altered activity. By contrast, the improved UGT1A4 expression in PPARα-activated hepatic cells identifies the UGT1A enzyme as responsible for the increased CDCA-3G/CDCA ratio observed in post-fenofibrate serum samples ([Fig. 6](#F6){ref-type="fig"}). In the same vein, while both UGT2B4 and UGT2B7 efficiently convert HDCA and HCA into 6-glucuronide conjugates *in vitro* ([@R37]), the increased HDCA-6 and HCA-6G concentrations in post-fenofibrate sera likely reflects the PPARα-dependent activation of UGT2B4 expression ([Fig. 6](#F6){ref-type="fig"}).

Last, but not least, the present study also evidences BA glucuronidation as a deeply fenofibrate-regulated process in humans. Indeed, among the 11 BA-G species analyzed, 5 were significantly increased in post-treatment samples and 6 exhibited higher MR values. Within the total of 28 BA species analyzed until now (i.e. 17 non glucuronides ([@R2]) + 11 glucuronides), the most impressive change caused by fenofibrate corresponds to the 88% increase in HDCA-6G levels. Such a change illustrates the efficacy of fenofibrate to stimulate bile acid glucuronidation ([Fig. 6](#F6){ref-type="fig"}), an effect further confirmed by the strong induction of UGT2B4, UGT1A3 and UGT1A4 mRNA expression in PPARα-activated cells. Beyond UGTs, PPARα also up-regulates the multidrug resistance-associated protein (MRP)3 gene ([@R41], [@R42]). MRP3 is an efflux transporter involved in the basolateral secretion of glucuronide derivatives from hepatocytes ([@R43], [@R44]). Thus, not only does PPARα activation stimulate BA-G formation, but also their excretion into the systemic circulation where their concentration is significantly increased as evidenced in the present study ([Fig. 6](#F6){ref-type="fig"}). Circulating BA-G are then removed by the kidneys and definitively eliminated in the urine ([@R7], [@R45]). Therefore, by activating the PPARα-dependent regulation of hepatic glucuronidation, fenofibrate stimulates a complete detoxification process allowing BA excretion in the urine ([Fig. 6](#F6){ref-type="fig"}). Such mechanism is of particular clinical relevance in the context of chronic cholestatic liver diseases, where BAs accumulate to toxic levels in hepatocytes due to an impaired biliary excretion ([@R1]) ([Fig. 6](#F6){ref-type="fig"}). A series of small clinical trials recently revealed that fibrates, such as fenofibrate, improve liver biochemistries in PBC and PSC patients ([@R8]--[@R13], [@R46]). Our results suggest that this improvement reflects an increased BA glucuronidation and detoxification, in addition of the previously proposed anti-inflammatory and lipid-lowering mechanisms ([@R14]). This idea is supported by results from the pilot study involving 5 fenofibrate-treated PBC patients, in whom the drug also leads to an increase of serum BA-G levels. However, additional studies with larger PBC populations are required to validate the results from this pilot study, and more importantly, to establish the amplitude of BA-G modulation by fenofibrate in a cholestatic context.

In conclusion, these results provide the first clinical evidences that fenofibrate stimulate BA glucuronidation in humans. This effect reflects a PPARα-dependent activation of BA-conjugating UGTs in liver cells, and reduces bile acid toxicity in hepatocytes.

METHODS {#S9}
=======

***Materials*** are detailed in the [supplementary information (SI) 1](#SD1){ref-type="supplementary-material"}.

Subjects {#S10}
--------

The non-cholestatic population for this study consisted of 300 Caucasian participants (150 men and 150 women) from the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN). The study design, eligibility criteria, population demographics and laboratory characteristics have been extensively described previously ([@R2]) and are summarized in [SI2](#SD2){ref-type="supplementary-material"}. Briefly, participants were given 160 mg of fenofibrate/day (TriCor®, Abbott Laboratories, Chicago, IL) ([@R2], [@R47]). A 12H fast blood sample was drawn before and after the fenofibrate treatment period, and serum was isolated and frozen at −80°C until subsequent analyses ([@R2]).

The PBC samples were from patients attending the Liver Clinics at the University of Florida (Gainesville, FL) and at Mayo Clinic (Rochester, MN) ([@R12]). The population of the study consisted of 20 patients, but stored serum was available from only 5 of these patients (2 men and 3 women) for further BA-G measurement. The study design, eligibility criteria, population demographics and laboratory characteristics have been described previously ([@R12]) and are summarized in [SI3](#SD3){ref-type="supplementary-material"}. Briefly, patients with incomplete response to ursodeoxycholic acid (UDCA) were given 160 mg/day of the insoluble drug delivery-microparticle fenofibrate (IDD-P, Triglide, Sciele Pharma Inc. Atlanta, GA, USA) for 48 weeks, in addition to their usual dosages of daily UDCA ([@R12]). A 12H fast blood sample was drawn at entry and end of the study, and serum was isolated and frozen at −80°C until subsequent analyses ([@R12]).

The protocols were approved by the institutional review boards at the University of Minnesota (Minneapolis, MN), University of Florida (Gainesville, FL) and the CHU-Québec Research Centre (Québec, Canada). Written informed consent was obtained from all participants. All authors had access to the data of studies NCT00083369 and NCT00575042.

Analytical method {#S11}
-----------------

Concentrations of 11 BA-G (CDCA-3G and -24G, CA-24G, LCA-3G and -24G, DCA-3G and -24G, HDCA-6G and -24G and HCA-6G and -24G) were determined using high-performance liquid chromatography-tandem mass spectrometry (LC--MS/MS) as extensively described in [SI1](#SD1){ref-type="supplementary-material"}. The chromatographic system consisted of an Alliance 2690 HPLC instrument (Waters, Milford, MA), and the tandem mass spectrometry system (MS/MS) was an API4000 mass spectrometer (Applied Biosystems, Concord, Canada). As detailed in [SI1](#SD1){ref-type="supplementary-material"}, HCA-6G was quantified with a standard curve constructed using CDCA-3G. All other species were quantified with the appropriate standard curve. Limits of quantifications were: CDCA-3/24G, DCA-3/24G and HDCA-6/24G:1.76nM; LCA-3/24G: 1.81nM; and CA-24G and HCA-6/24G: 1.71nM.

GOLDN samples were also analyzed for a series of 17 unconjugated, taurine-, glycine- or sulfate-conjugated BA species using LC-MS/MS quantification ([@R2]) (see [SI4](#SD4){ref-type="supplementary-material"}). In the context of the present study, these concentrations were used to calculate the relative abundance (percentage) of BA-G and the metabolic ratio (MR) for each glucuronide.

UGT genotyping {#S12}
--------------

Genomic DNA was isolated from peripheral blood leukocytes from the GOLDN study participants using Puregene DNA reagents according to the manufacturer's instructions (Qiagen, Germantown, MD, USA). Targeted UGT polymorphisms including UGT2B4 1374T\>A (rs13119049, n=197), UGT2B7 802C\>T (rs7439366, n=142), and UGT1A3 31T\>C (rs3821242, n=227) were performed at the University of Minnesota BioMedical Genomics Center (<http://www.bmgc.umn.edu/Genotyping/index.htm>) using iPLEX Gold method and the previously reported genotyping strategies ([@R21]--[@R23]) (see [SI1](#SD1){ref-type="supplementary-material"} for additional experimental informations).

Cell culture and mRNA level determination {#S13}
-----------------------------------------

Cryopreserved human primary hepatocytes from 3 donors (see [SI1](#SD1){ref-type="supplementary-material"}) were obtained from Celsis-InVitro Technologies (Baltimore, MD), and cultured as reported previously ([@R17], [@R27]). For RNA analyses, 350,000 hepatocytes/well were seeded in 12-well plates and cultured in the *Invitro Gro CP* medium for 48H. Cells were then treated with vehicle (DMSO, 0.1% v/v) or activators (250μM fenofibrate or 75μM Wy14,643) for 48H ([@R17], [@R18]). For glucuronide production 700,000 hepatocytes/well were seeded in 6-well plates, treated with vehicle (DMSO, 0.1% v/v) or Wy14,643 (75μM) for 48H, and then cultured with CDCA (100μM) for 2H. Culture media were analyzed for CDCA-3 and -24G through LC-MS/MS (see above). 10^6^ HepG2 cells were treated as indicated with the PPARα activators, in the absence or presence of cycloheximide (20μg/mL) or actinomycin D (1μg/mL). Total RNA was isolated according to the Tri-Reagent acid: phenol protocol as specified by the supplier (Molecular Research Center Inc., Cincinnati, OH). The reverse transcription (RT) and quantitative PCR reactions were performed as previously described ([@R17], [@R18], [@R27]) and detailed in [SI1](#SD1){ref-type="supplementary-material"}.

MTS reduction assays and fluorescence-activated cell sorting {#S14}
------------------------------------------------------------

HepG2 cells (20,000cells/well) were seeded in 96-well plates, treated for 24--72H with 100μM BAs. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reduction was evaluated using the *CellTiter 96*® *AQueous One Solution Cell Proliferation Assay* according to the manufacturer's instructions (Promega, Madison, WI).

Living cell quantification was achieved through fluorescence-activated cell sorting (FACS) analyses using the annexin V/propidium iodide-co-labeling method as reported ([@R48]). Labeled cells were then analyzed using a BD FACSCanto II instrument (BD biosciences, San Jose, CA).

Production of HK293 cells overexpressing the UGT1A4 allozymes, microsomes isolation and western-blot analyses {#S15}
-------------------------------------------------------------------------------------------------------------

HEK293 cells expressing the UGT1A4 T^24^, V^48^ and W^11^ variant alleles were generated by site-directed mutagenesis of the wild type (WT) UGT1A4 (R^11^P^24^L^48^)-pcDNA6v5-His vector ([@R17], [@R26]). UGT1A4-HK293 cell lines were obtained by transfecting 2 μg of the UGT1A4 plasmids with the ExGEN reagent according to manufacturer's instructions (Invitrogen). Stable transfectants were selected in medium containing 10 μg/mL blasticidin-HCl as previously described ([@R17], [@R49]). UGT2B7H^268^- and Y^268^-HEK293 cells were as described ([@R25]). Microsome pellets from UGT1A4- and UGT2B7-HEK293 cell lines were purified and resuspended at 5μg/μL as previously reported ([@R17]). For western-blot analyses, microsomal proteins (10μg) were size-separated by 10% SDS-PAGE, transferred onto nitrocellulose membranes, and then hybridized with anti-UGT1A (1:2,000) or anti-UGT2B (1:2,000) antibodies, as previously described ([@R16], [@R17]). An anti-rabbit IgG horse antibody (1:10,000) conjugated with peroxidase (Sigma, Mississauga, Canada) was used as the second antibody. Immunocomplexes were visualized on hyperfilm (Kodack Corp., Rochester, NY) and quantified by BioImage Visage 110s (Genomic Solution. Inc., Ann Harbor, MI). The same membranes were then rehybridized with an anti-calnexin (1:5,000) antibody (Stressgen) as a loading control assessment.

Glucuronidation assays {#S16}
----------------------

All assays were performed for 1H as previously reported ([@R17], [@R36]) using 100μM CDCA and 10μg of commercial bacculosomes, liver microsomes or microsomes purified from UGT1A4- and UGT2B7-HK293 cells. The formation of CDCA-3 and -24G was quantified by LC-MS/MS as described previously ([@R36]). Velocity values obtained with the UGT1A4 and UGT2B7 allozymes were normalized according to the UGT protein levels as determined by western-blot (WT proteins arbitrarily set at 1) ([@R17], [@R26]).

Data analyses {#S17}
-------------

BA-G levels were calculated as mean±standard error of the mean (SEM) for non cholestatic volunteers or mean±standard deviation (SD) for PBC patients. BA-G concentrations did not satisfy the normal distribution according to the Shapiro-Wilk test, thus the matched pairs Wilcoxon signed-rank test was used for statistical analyses of the response to treatment. Comparisons of baseline profiles and the response to treatment between men and women, were made using the Wilcoxon/Mann-Whitney rank-sum test (JMP V7.0.1,SAS Institute Inc, Cary, NC). For genotyping analyses, Hardy-Weinberg equilibrium was tested with the Allele Procedure in SAS, version 9.2 (SAS Institute Inc.). BA-G values were transformed before to normalize their distribution, and a repeated analysis of variance (ANOVA) model was used to evaluate the effect of each genotype and the genotype by response interaction effect (SAS Institute Inc.). These analyses were adjusted for the effects of age and sex.

The statistical significance of differences in mRNA levels, CDCA-24G formation and cell viability between control and treated cells, as well as in glucuronidation activity between WT and variants was determined through the nonparametric Student *t* test using the JMP V7.0.1 program (SAS Institute Inc.).
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![Effects of the UGT1A3 31T\>C (A&B), UGT2B7 802C\>T (C) and UGT2B4 1374T\>A (D) polymorphisms on baseline serum levels of LCA-24G (A), total bile acid-24glucuronides (B), CDCA-3G (C) and HDCA-24G (D)\
Bile acid glucuronide levels were determined through LC-MS/MS analyses as described in the experimental procedure and [SI1](#SD1){ref-type="supplementary-material"} sections. Genomic DNA was isolated from peripheral blood leukocytes and genotyped for the UGT1A3 31T\>C (n=227 donors, **A&B**), UGT2B7 802C\>T (n=142 donors, **C**) and UGT2B4 1374T\>A (n=197 donors, **D**) mutations. All values represent the mean±SEM. A repeated analysis of variance (ANOVA) model was used to evaluate the effect of each genotype: \*, *p*\<0.05; \*\*, *p*\<0.01. All analyses were adjusted for the effects of age and sex. Only significant associations are shown, while the complete results are provided in [supplementary informations 5](#SD5){ref-type="supplementary-material"}--[7](#SD7){ref-type="supplementary-material"}.](nihms3419f1){#F1}

![UGT1A4 and UGT2B7 catalyze the conversion of CDCA into CDCA-3G\
(**A**) Ten μg of human liver microsomes were incubated in the presence of CDCA and the quantification of the two CDCA-glucuronides was achieved by LC-MS/MS.\
(**B**) The formation of CDCA-3G by UGT-bacculosomes (10μg) was analyzed by LC-MS/MS.\
(**C & D**) The UGT protein contents in microsomes from UGT1A4− **(C)** or UGT2B7-HEK293 (**D**) cell clones were compared by western blot experiments using the anti-UGT1A (**D**, 1:2,000) or the anti-UGT2B (**D**, 1:2000) antibodies. The equal loading of each lane was ensured by hybridizing with an anti-calnexin antibody (1:5,000; bottom panels).\
(**E & F**) The formation of CDCA-3G by microsomes (10μg) from HK293 cells over-expressing each of the 4 UGT1A4 (**E,** WT, T^24^, V^48^ and W^11^) or the 2 UGT2B7 (**F,** WT and Y^268^) allele variants was quantified by LC-MS/MS, and normalized according to the UGT protein level in the microsomal extract as determined by western-blot (**C & D**, WT proteins were arbitrarily set at 1)\
All assays were performed for 1H at 37°C in the presence of 100μM CDCA and 2mM of the co-substrate UDP-Glucuronic Acid (UDPGA). Data represent the mean ± S.D. The statistical significance of differences in glucuronidation activity between wild type and UGT variants was determined through the nonparametric Student *t* test (\*, *p*\<0.05).](nihms3419f2){#F2}

![Differential modulation of serum bile acid glucuronides (A--D), their relative abundance (E) and metabolic ratios (F--I) in 300 non-cholestatic volunteers after 3-week treatment with fenofibrate\
Three hundred volunteers (150 women and 150 men) were given a 3-week treatment with fenofibrate. Serum bile acids were determined through LC-MS/MS measurements in serum drawn before (white bars) and after (black bars) fenofibrate exposure. All values represent the mean±SEM. (**A**) The serum bile acid-glucuronides level is calculated as the sum of all bile acid glucuronide species.\
(**E**) The relative abundance of glucuronide conjugates (**A**) was calculated as the ratio of total BA-G versus total BA + total BA-G, and is expressed as percentage. Concentrations of unconjugated acids ([SI4](#SD4){ref-type="supplementary-material"}) were determined as reported ([@R2]).\
(**F**--**I**) The metabolic ratio for each species (**B**--**F**) was calculated as the ratio of glucuronide *versus* unconjugated precursor.\
Statistically significant differences in pre- *versus* post-fenofibrate samples were determined using the Wilcoxon matched-pairs signed-ranks test: \*, *p*\<0.05; \*\*, *p*\<0.01; \*\*\*, *p*\<0.001; *n.s*: not significant.](nihms3419f3){#F3}

![A 48-week treatment period with fenofibrate tend to increase the total bile acid glucuronides (A), CDCA-3G (B), HDCA-6G (C) and HCA-6G (D) levels in sera from 5 patients with Primary Biliary Cirrhosis\
Serum bile acid glucuronides were determined in serum samples from each donor, drawn before (white bars) and after (gray bars) a 48-week fenofibrate exposure. Individual levels are illustrated, and bars represent the mean±SD. Statistically significant differences between pre- and post-treatment bile acid-glucuronide concentrations were analyzed using the Wilcoxon/Mann-Whitney rank sum test: no statistical differences were detected.](nihms3419f4){#F4}

![The PPARα agonists Fenofibrate (A) and Wy14,643 (B--E) differentially affects expression of the human bile acid-conjugating UGTs in human hepatocytes (A & B) and hepatoma HepG2 cells (C--E), and increases CDCA glucuronidation (F, hepatocytes), while 3glucuronide conjugates of LCA and CDCA are less cytotoxic than their unconjugated precursors for HepG2 cells (G & H)\
(**A, B & F**) Primary human hepatocytes ([SI1](#SD1){ref-type="supplementary-material"}) were treated for 48H with DMSO (vehicle), fenofibric acid 250μM (donor 1, **A**) or Wy14,643 75μM (donors 2, **B & 3, F**).\
(**C**) HepG2 cells were treated for 48H with DMSO (Vehicle) or increasing doses (10--200 μM) of Wy14,643.\
(**D**) HepG2 cells were treated with DMSO (Vehicle) or Wy14,643 (100 μM) for increasing durations (6--72H).\
(**E**) HepG2 cells were incubated for 48H with DMSO (Vehicle) or Wy14,643 (100μM) in the absence or presence of cycloheximide (20μg/mL) or actinomycin D (1μg/mL).\
(**A--E**) UGT2B4 (**A--C**), UGT2B7 (**A--C**), UGT1A3 (**A--C**) and UGT1A4 (**A--E**) mRNA levels were measured by real-time PCR and expressed relative over control (vehicle) set at 1 ([SI1](#SD1){ref-type="supplementary-material"}). All values represent the mean±SD.\
(**F**) CDCA-24G was quantified in culture media from vehicle- and Wy14,643-treated hepatocytes by LC-MS/MS and normalized according to the protein content in corresponding cell homogenates.\
(**G & H**) HepG2 cells were exposed to vehicle (DMSO), 100μM unconjugated (UC) or glucuronidated (3G) forms of lithocholic (LCA) and chenodeoxycholic (CDCA) for 48 (**G**), 24 (**H**, LCA and LCA-3G) or 72H (**H**, CDCA and CDCA-3G). Living cells were determined using the MTS reduction assay (**H**) and living cells were quantified through fluorescence-activated cell sorting analyses (**G**). The relative abundance (expressed as percentage) of living cell populations were determined by dividing their quartiles by the total cell population (**G**). All values represent the mean±SD.\
Statistically significant differences in vehicle versus treated samples, and in glucuronide- versus unconjugated-exposed cells were determined using the Student *t* test: \*, p\<0.05; \*\*\*, p\<0.001; n.s: not significant). While not shown for an easier viewing, the increase in UGT mRNA levels observed in the dose response experiment (**C**) became and remained statistically significant (p\<0.05) at Wy14,643 concentrations above 10μM (UGT1A3) or 75μM (UGT1A4 and UGT2B4).](nihms3419f5){#F5}

![Proposed mechanism of action for the fenofibrate-dependent stimulation of bile acids detoxification in the cholestatic liver\
In cholestatic liver cells, fenofibrate activates the nuclear receptor PPARα, which then form an active heterodimer with its partner RXR, and activates the regulatory regions of several target genes, including the BA-conjugating enzymes UGT2B4, UGT1A3 and UGT1A4 and the glucuronide efflux transporter, MRP3 ([@R16]--[@R18], [@R41], [@R42]) ([Fig. 5](#F5){ref-type="fig"}). By contrast, the fenofibrate-activated receptor does not bind to nor activate the UGT2B7 gene. The increased UGT1A3 ([@R17]) ([Fig. 5](#F5){ref-type="fig"}), UGT1A4 ([Fig. 5](#F5){ref-type="fig"}) and UGT2B4 ([@R16]) ([Fig. 5](#F5){ref-type="fig"}) enzymes conjugate the accumulating bile acids that cannot be excreted in the bile canaliculus due to bile flow impairment. The resulting bile acid-glucuronides are then secreted into the blood through the increased MRP3 protein ([@R41]--[@R43]) at the basolateral membrane of the cells. Glucuronides accumulate in the blood ([Fig. 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), before being removed by the kidneys and definitively eliminated in the urine ([@R7], [@R45]). Thus, fenofibrate stimulates a complete detoxification process which reduces the burden of toxic acids in the liver, an effect that may participate to the reported improvement of liver functioning in treated-cholestatic patients ([@R8], [@R11]--[@R13]).\
BA: Bile acids; PPARα: Peroxisome Proliferator-Activated Receptor alpha; RXR: Retinoid X-Receptor (RXR); UGT: UDP-glucuronosyltransferase; MRP: multidrug resistance-associated protein.](nihms3419f6){#F6}

###### 

Gender differences in the baseline profile of serum bile acid glucuronides in the GOLDN population

  Serum levels         ♂ + ♀ (n=300)   ♂ (n=150)      ♀ (n=150)
  -------------------- --------------- -------------- -------------------------------------------------
  CDCA-3G              59.6 ± 4.2      72.7 ± 7.3     46.4 ± 3.9[\*\*\*](#TFN3){ref-type="table-fn"}
  CDCA-24G             0.8 ± 0.1       0.9 ± 0.1      0.7 ± 0.1
  CA-24G               1.9 ± 0.2       2.1 ± 0.3      1.6 ± 0.1
  LCA-3G               2.0 ± 0.1       2.3 ± 0.2      1.6 ± 0.1[\*](#TFN2){ref-type="table-fn"}
  LCA-24G              1.2 ± 0.1       1.3 ± 0.1      1.1 ± 0.1
  DCA-3G               24.3 ± 1.6      27.9 ± 2.6     20.6 ± 1.7
  DCA-24G              0.9 ± 0.1       0.9 ± 0.1      0.8 ± 0.1
  HDCA-6G              36.7 ± 2.1      42.6 ± 3.5     30.7 ± 2.1[\*](#TFN2){ref-type="table-fn"}
  HDCA-24G             0.7 ± 0.1       0.7 ± 0.1      0.7 ± 0.1
  HCA-6G               63.5 ± 8.6      81.9 ± 16.2    45.1 ± 5.3[\*\*\*](#TFN3){ref-type="table-fn"}
  HCA-24G              0.9 ± 0.1       1.0 ± 0.1      0.8 ± 0.1
  TOTAL                192.3 ± 13.1    234.4 ± 24.9   150.1 ± 8.8[\*\*\*](#TFN3){ref-type="table-fn"}
  *Metabolic ratios*                                  
  CDCA-3G/CDCA         0.60 ± 0.05     0.58 ± 0.07    0.63 ± 0.07
  CDCA-24G/CDCA        0.01 ± 0.00     0.01 ± 0.00    0.02 ± 0.01
  CA-24G/CA            0.16 ± 0.04     0.23 ± 0.08    0.09 ± 0.02
  LCA-3G/LCA           0.12 ± 0.01     0.14 ± 0.02    0.11 ± 0.01
  LCA-24G/LCA          0.08 ± 0.01     0.08 ± 0.01    0.09 ± 0.01
  DCA-3G/DCA           0.08 ± 0.01     0.10 ± 0.01    0.07 ± 0.01
  DCA-24G/DCA          0.01 ± 0.00     0.01 ± 0.00    0.01 ± 0.00
  HDCA-6G/HDCA         0.98 ± 0.06     1.06 ± 0.09    0.91 ± 0.09[\*](#TFN2){ref-type="table-fn"}
  *Metabolic ratios*                                  
  HDCA-24G/HDCA        0.02 ± 0.01     0.03 ± 0.01    0.02 ± 0.01
  HCA-6G/HCA           8.90 ± 0.69     9.02 ± 0.93    8.89 ± 0.89
  HCA-24G/HCA          0.19 ± 0.03     0.18 ± 0.04    0.19 ± 0.03

Bile acid-glucuronide concentrations are expressed in nM. Values represent the mean±SEM. The metabolic ratio for each species was calculated as the ratio of glucuronide *versus* unconjugated precursor ([SI4](#SD4){ref-type="supplementary-material"}). Statistically significant differences between male and female serum samples were determined by the rank-sum Wilcoxon/Mann-Whitney test:

: p\<0.05;

:p\<0.001.

CA: cholic acid; CDCA: chenodeoxycholic acid; DCA: deoxycholic acid; HCA: hyocholic acid; HDCA: hyodeoxycholic acid; LCA: lithocholic acid; G: glucuronide. TOTAL: sum of all bile acid glucuronides.

###### STUDY HIGHLIGHTS

What is current knowledge on the topic? {#S30}
=======================================

-   Toxic bile acids (BA) accumulate in the cholestatic liver.

-   Glucuronidation, catalyzed by UDP-glucuronosyltransferase (UGT) enzymes, detoxifies BAs

-   Fenofibrate ameliorates liver biochemistries in cholestatic patients.

What question this study addressed? {#S31}
===================================

-   Does fenofibrate stimulates BA glucuronidation in humans?

What this study adds to our knowledge? {#S32}
======================================

This study provides:

-   Clinical evidences that circulating BA-Gs are affected by gender and genetic mutations in UGT genes,

-   A clear picture of the contribution of human UGT enzymes in BA glucuronidation.

-   A first clinical assessment of the fenofibrate-dependent stimulation of BA glucuronidation in clinics.

-   A pharmacological explanation of these effects.

How this might change clinical pharmacology and therapeutics {#S33}
============================================================

-   The present study further supports the use of fibrate drugs for chronic cholestasis, and supports the search for more potent inducers of BA glucuronidation for cholestasis treatment.
